Introduction
Following their conception more than 60 years ago, porous crystals have recently been synthesized in the form of metalorganic frameworks (MOFs), one of the key materials in modern chemistry and the chemical industry (Figure 1) . [1] The development of this field of science is owed to the development of reticular chemistry, which enabled the acquisition of different complex structures that maintain operation in real conditions, for real-world application. [2] [3] [4] [5] [6] [7] At the same time, MOFs themselves have stimulated the development of a new field of science, in the form of computational chemistry, in response to problems encountered in finding optimal structures, [8] which allows researchers to form a logical circle from the statement of the required property, through the design of the structure, and its synthesis to application.
The simple, yet, intriguing idea of an artificial porous crystalline material with dynamic response to external stimuli [9] has also found partial interest in other areas such as nonlinear optics, [10] biology, and medicine. [11, 12] However, most existing MOFs, and design of MOFs, has been chemically oriented until now. Even so, focusing on the very concept of a porous crystal, one can ask the following question: Can MOFs be the key materials in other disciplines of science?
The answer lies in the combination of complementary properties of crystallinity, softness, organic-inorganic nature, and complex hierarchy. Today, the potential implementation of MOFs in applied science goes far beyond the structure-related properties that are usual for most materials. Moreover, this combination opens up prospects for applied and fundamental science that have not yet been conceived.
In this article we consider MOFs as a new family of functional materials in modern physics, reviewing topics ranging from porous metals and superconductors, topological insulators, classical and quantum memory elements, to optical superstructures, materials for particle physics, and even molecular scale mechanical metamaterials (Figure 2) . Within each section we also describe the current state of research and the perspectives for utilizing MOFs as i) an active substrate for energy and information transfer by electrons, excitons, photons, and
Transfer Effects in MOFs
Metal-organic frameworks are a novel class of molecular crystal with nonconventional inner structure based on the weak (dispersion, van der Waals, hydrogen, Casimir forces, etc.) and strong (covalent, coordination) interactions between building blocks (organic ligands, metal nodes, and solvent molecules) and structural units such as layers and chains (Figure 3 ). The energy spectrum of charge carriers and complicated 1D, 2D, and 3D structures allow MOFs to have more diverse electronic states than ordinary crystals. These states can provide efficient energy transfer within a single crystal, [13] a key point for the purposes of solar energy, microelectronics, transistors, batteries, supercapacitors, and other applications.
In this section, we discuss the highlights and perspectives for implementation of MOFs as active elements for energy transfer in microelectronic and optical devices due to their metallic, semiconducting, superconducting, topological, excitonic, and magnetic properties. We intentionally omit the effect of proton transfer, since it has been extensively reviewed in recent years. [14] 
Semiconductors
Semiconductors are solids exhibiting a bandgap within the spectrum of electronic states (≈0.1-3 eV), and a relatively high electric conductivity that is due to a high concentration of free charge carriers with high mobility compared to dielectrics. The small bandgap, along with the concentration of free charge carriers, makes the conductivity of semiconductors strongly dependent on temperature, impurities, radiation effects, and electromagnetic fields in the visible and infrared frequency ranges. Semiconductor materials play a key role in modern microelectronics and optics, and metal-organic frameworks have recently emerged as a new family of semiconducting crystals, [15] demonstrating the most complex structure of five or more chemical elements.
To make MOFs applicable as semiconductors, one must design the bandgap structure (direct or indirect), lower the bandgap, and/or increase the charge mobility. Metal nodes strongly affect the electric conductivity of semiconducting MOFs. [16] For instance, structures based on iron nodes in a high energy state with mixed valency (Fe 2+ and Fe 2+/3+ ), exhibit better conductance compared to structures based on others metal nodes (Mn, Co, Mn, Ni, Cu, Zn). [17] This phenomenon is explained by the large radius and the low effective core charge of the Fe 2+ ion, while valence electrons have a weak bond with the core. While these valence electrons have a high energy that leads to the emergence of a low bandgap (2.0-2.2 eV), there is still not a clear understanding of how this process operates. Metals with higher d-electron numbers, such as Fe, Co, Ni, Zr, and Hf, are predicted to significantly increase the energy of the Fermi level. [18] As such, the metallic d band has an influence on the transport properties of MOFs. [19] Another intriguing property is the fact that dimensionality can also affect the electric conductivity; some 3D and 2D MOFs exhibit different values of electronic conductivity. [20] For instance, 2D and 3D MOFs Ni 3 (2,3,6,7,10,11-hexaiminotriphenylene) 2 have conductivities of 2 and 40 S cm Currently, the achieved value of electric conductivity of some 2D [21] and 3D [22] MOFs is comparable to that of the classical inorganic solids (>1000 S cm −1 and >1 S cm −1 , respectively), making MOF expected to become one of the important materials in semiconducting technology. Moreover, MOFs remain conductive under a range of excitation wavelengths, from ultraviolet to short-wavelength infrared light (300-2500 nm). [23, 24] MOFs with stable, accessible, and dense active sites, developed for high-power energy storage devices through conjugative coordination between a redox-active linker (2D MOF Co-hexaaminobenzene), [25] can also exhibit high electrical conductivity. Due to their high porosity, low density, tuneable structures, and water resistivity for some compounds, [26] as well as the development of thin film technology, [27, 28] metal-organic frameworks represent promising semiconductors [29] for application as charge transfer materials for advanced semiconducting devices, microelectronics, elements for energy storage, and batteries.
Metals
Metallic conductivity is an unexpected feature of metal-organic frameworks, discovered very recently in 2D crystals. [30] With semiconducting MOFs, the metallic effect is determined by strong overlapping of the electronic wave functions between metal nodes and ligands, making π-conjugation essential for a metallic nature. The high degree of such π-conjugation, turned on by external stimuli such as voltage, light, and temperature, provides MOFs with metallic conductivity. However, the origins of this effect are obscure, as it is observed only with 2D MOFs; [30] [31] [32] [33] [34] [35] MOFs usually demonstrate semiconducting properties between 170 and 300 K, while they are metals below 130 K, as in a 2D MOF such as cobalt 2,3,6,7,10,11-triphenylenehexathiolate. [30] Moreover, MOFs can demonstrate bimodal charge transport: metallic in the plane of the MOF's van der Waals (vdW) layers, and semiconducting normal to these layers. [33] This issue raises the question of how suitable MOF structures demonstrating metallic conductivity can be predicted. [34] One of the latest investigations consisted of combining machine learning methods and ab initio calculations to predict the metallic nature of MOFs. Based on density-functionaltheory (DFT) band theory, it is predicted that six MOF structures (Mn 8 ) should have metallic behavior, while a monolayer of Cu-benzenehexathial is expected to exhibit higher conductivity. [35] This behavior is explained by the crossing of several bands with the Fermi level, indicating the intrinsic metallic nature of the MOF.
Metallic porous crystals can be considered as the first artificial porous metals made by reticular chemistry. [36] Such unusual crystals, demonstrating the efficient transfer of electrons, can be applied to future solar cells, fuel cells, batteries, and microelectronic devices. A further goal for developing this new type of metal is the synthesis and study of MOFs that will work at room temperature with giant electric conductivity compared to common metals, as at present, the achieved conductivity is one order of magnitude smaller.
Superconductors
Superconductive materials exhibit the largest degree of conductivity of all the materials. The phenomenon is of a purely quantum nature, and arises due to the binding of free charge carriers into pairs with the whole spin, with further transition to the Bose condensate state. This transition is possible at specific temperatures and external magnetic fields below a critical value, and is accompanied by a strong decrease in electrical resistance, even going to zero in the case of direct currents. Although only a small number of organic (polysulfur nitride) [37] and inorganic superconductive materials [38] have been discovered, 2D and 3D MOFs could potentially extend this family, as shown by Liu and coworkers. [39] The calculation revealed that 2D in-plane coordinations, such as CuS, CuO, and FeSe bonding networks, play the crucial role in triggering superconductivity in systems like Cu-benzenehexathial. This particular quality explains the high conductivity in Cu-benzenehexathial.
This prediction can stimulate the field of hybrid superconductors because such MOF materials can be synthesized on liquids and surfaces with the desired morphology, to be applied for high-energy physics, charge transport, and superconducting microwave devices of the future.
Excitons
An exciton is a Coulomb bound between an electron and a hole. For excitons, the quantum states of electrons and holes are correlated, and they are thus considered as a single particle that has a hydrogen-like energy spectrum lying within the bandgap. The minimum light energy required for the generation of an exciton is equal to the difference between the width of the bandgap and the exciton binding energy. For molecular crystals and low-dimensional structures, the binding energy of an exciton can be much higher than the thermal energy (0.026 eV). Such a high binding energy (>0.1 eV), allowing the exciton to exist at room temperature, is a key aspect for applications such as excitonic lasers, [40] valeytronics, [41] and organic solar cells. [15, 42] Moreover, the exciton is such a specific particle that its migration within a structure (Figure 4a) can be driven by external stimuli or structural anisotropy. [43] Exciton complexes, such as biexcitons, and indirect excitons, can also be manipulated by optical, electric, and magnetic fields and tuneable structures.
The use of MOFs as molecular crystals for exciton generation appears to be unprecedented. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Rational design of 2D and 3D MOFs can provide excellent exciton transport, [45] a phenomenon that is most efficient for MOFs which contain chromophore-based ligands separated by 1-2 nm distances. Such ligands serve as antenna-like parts that collect light energy. In this way, long distance exciton migration within the MOF occurs in a weak electronic coupling regime. Suitable MOF designs [54] ensure that the exciton energy can be transferred from several tens to several hundred nanometers. [45, 47] Similar to their metallic properties, the remarkably efficient exciton migration within MOFs can be attributed to enhanced π-conjugation obtained through the addition of some moieties (e.g., acetylene), which leads to greater absorption of light energy and much faster exciton energy transfer. [46] It has been shown that energy transfer by excitons can be described by a Dexter triplet-to-triplet (exchange) mechanism with multistep incoherent exciton hopping, or a Förster mechanism involving one-step jumping over longer distances. [47] Moreover, the rate and efficiency of the energy migration for MOFs such as Tb 0.95 Eu 0.05 HL (HL = 5-hydroxy-1,2,4-benzenetricarboxylic acid) can be significantly improved by mixing different ions (multivalence). [55] Intriguingly, the structure of MOFs also affects the exciton migration path, as it was discovered that mixed Ru/Os structures constituted 1D or 3D hopping networks. [45] The existence of excitons at room temperature, and their ability to transfer energy within the MOFs, is important for solar energy and excitonic devices. [42] An ability to generate excitons by light, and electrical control of these excitons, also supports MOF application in optoelectronics in the near future, [56] and we believe that MOFs can compete with materials such as inorganic 2D vdW crystals and heterostructures, [57] organic polymers, and crystals for micro-and nano-electronic devices that operate based on the Bose-Einstein condensation effect. [58, 59] However, there are problems to be solved prior to this application, as an increase in the monocrystallinity [60] and size of single MOF crystals, increases the binding energy, rates of exciton hopping and energy transfer.
Spin Transfer
The spin transport effect underlies the field of spintronics, which concerns the application of the spin of an electron to the delivery of information. [61] This opens up new possibilities for new-generation devices that combine conventional microelectronics with spin-dependent effects. Metal-organic frameworks demonstrate the spin transfer effect because they possess different magnetic properties at low temperature. As with their semiconducting, metallic, and excitonic properties, the MOF's structure determines this spin transfer effect; spin transport is observed mostly in 2D MOFs (e.g., M 3 C 12 S 12 and M 3 C 12 O 12 , where M = Zn, Cd, Hg, Be, or Mg). [62] Such MOFs exhibit double Dirac cones (quantum mechanical features occurring in electronic band structures and describing unusual electron transport properties) with different Fermi levels. The crossing of two cones leads to two independent channels akin to spin channels in spintronics. For M 3 C 12 O 12 with conjugated metal-tricatecholate polymers M 3 (HHTP) 2 (where HHTP is 2,3,6,7,10,11-hexahydroxytriphenylene), the spin-polarized slow Dirac cone center is pinned precisely at the Fermi level, making the systems conducting in only one spin/cone channel. It should be noted that spin liquid states (the liquid behavior of spins at low temperatures) have also been recently observed with MOFs. [63, 64] These special states being extremely complex to observe experimentally, MOFs could be a platform adapted for spintronics. The ability for spin transfer can make MOFs with specific magnetic properties promising materials for spintronic devices such as spin FETs (field-effect transistors), spin LEDs (light-emitting diode), spin RTDs (resonant tunneling devices), terahertz optical switches, and quantum computation and communication.
Topological Insulators
Topological insulators are a new kind of quantum material with specific electronic states (the bulk is an insulator while the edges are a semiconductor or metal) induced by the topology of the band structure. [65] Although the existence of such states has already been confirmed for limited numbers of inorganic compounds and artificial metamaterials, [66] no experimental data exists for organic, and especially, metal-organic materials. In this case, the calculation approach [31] also helped to reveal that MOF structures satisfy the requisite topological concept ( Figure 4b ); since 2013, there have been several theoretical works based on 2D structures confirming the existence of topological states allowing an opposite transfer of electrons with opposite spins. [67] [68] [69] [70] [71] These states should originate from electrons filling the hybridized bands of metal ions and molecular orbitals of the ligands. [68] The unconventional electronic states of MOFs make such materials promising for nontrivial energy/ information transfer by electrons (spins) or photons (polarization) in a new generation of electronic devices based on spintronic or quantum computing principles.
Adv. Sci. 2019, 6, 1900506 Figure 4. a) Illustration of generation of exciton by light and its transfer within the 2D MOF. The structure was extracted from crystallographic information file (CIF). [44] b) Illustration of opposite transfer of electrons with opposite spins within the surface of 2D MOF demonstrating topological states. The structure represents the one published in ref. [67] .
Memory Effects in MOFs
The soft, [9] porous, and organic-inorganic nature of MOFs enable the utilization of these crystalline materials for next generation memory and trigger devices. Due to their softness, MOFs demonstrate dynamic reversible and nonreversible structural changes in response to external stimuli such as pressure, electric and magnetic fields, [72, 73] and light, [74] and can be implemented as active binary systems for recording information. The organic nature of MOFs provides specific dielectric properties (low-k or high-k) which support application as passive elements in transistors and microcircuits. Furthermore, their complex organic nature (bonded ligands and solvents) paves the way for specific structural transitions that are important for ultrafast optical data processing and storage devices of the near future. Conversely, the inorganic nature of MOFs provides unique states such as quantum qubits that can also be utilized for recording information with unprecedented density. Here we discuss the perspectives of classical and quantum memory and trigger devices based on MOFs.
Low-k and High-k Dielectrics
Dielectric permittivity describes the response of matter to an external electric field. This response is also characterized by the relative permittivity, which describes the influence of an external electric field on electromagnetic processes inside a material. For weak excitation, this influence can be considered linearly dependent on the strength of the external electric field. In case of strong excitation at optical frequencies, the dielectric permittivity becomes dependent on the speed of electric field variation. High-k and low-k materials refer to materials with high and low dielectric constants (i.e., relative permittivity), respectively. The latter are commonly used in microelectronic circuits and integral cells as triggers. [75] The main issues that confront such electronic elements are i) miniaturization, ii) increasing the speed of information processing, and iii) improving the flow of an electrical signal. However, the most important problem is time delay when an electrical signal flows from one element to another. Microelectronic devices are more efficient if the delay time is shorter, and the use of low-k materials helps to improve this parameter. In contrast, dielectrics used in transistors should demonstrate a high polarization effect (i.e., high-k feature) for efficient data processing. [76] In case of a low dielectric constant the reducing of the number of dipoles or their strengths should be achieved. Therefore, it is logical to use those connections in materials that are nonpolar, such as C-C or C-H. [75] One such example is the family of zeolitic imidazolate frameworks (ZIF-4, ZIF-7, ZIF-8, ZIF-71, and ZIF-90). THz-frequency dielectric constants are dependent on structure, and have a strong correlation with the porosity and density of the MOF. The dielectric constant in the near infrared region (>4000 cm −1 , i.e., >120 THz) is ≈1.2 for most structures, which corresponds to low-k materials (≈1.2-2.5). The only exception is ZIF-90, whose higher dielectric constant (≈1.5) is likely due to microstructural defects. [77] Experiments with films based on different thicknesses of ZIF-8 (400-1000 nm) also yielded low dielectric constants of 2.33 ± 0.05 at 10 5 Hz. [78] Varying the composition of the MOF allows the high-k property to be achieved. This is mainly due to the small gap between the valence and conduction bands, where there exists a large admixture of excited electronic states relative to the ground state when an electric field is applied. This leads to high polarizability and, accordingly, large dielectric constants. Also, the use of transition metal ions (V, Cr, Zr, Mo) increases the ionic and electronic polarizability due to the presence of d-electrons with anisotropic electronic-spatial distributions. [72] The film and bulk versions of the (Zn(TBTC)[H 2 N(CH 3 ) 2 ]}·2DMF·EtOH) MOF recently exhibited high dielectric constants (19.5 and 5.9, respectively) at a frequency of 1 MHz. This is likely due to the interpenetrating nature of MOF film deposited on conductive substrate, while with the bulk, it can be explained by the polarization of the packed microstructure of the MOF due to the solvent molecules. MOF films have a high mechanical flexibility and can withstand high mechanical stress, making this material promising for use in microelectronics. [79] 6 ], also demonstrated different dielectric constants, because of temperature induced phase transition, with a high-dielectric state in the paraelastic phase, and a low-one state in the ferroelastic phase, which is associated with statistical fluctuations of polar cations of diethylamine. The hysteresis for this process is in the temperature range between 227 and 240 K, while the values of the dielectric constants are 13 and 16, respectively. [80] The ability to chemically tune the polarizability of MOFs, and developing film technology, [27, 28] will support the creation new generation of field-effect transistors, memristors, and microelectronic circuits based on porous MOFs as passive elements. [81] 
Phase-Change Effect
A phase transition describes stimulated reversible and nonreversible switching between two energy states favorable to a structure, and can be observed when stimuli as varied as pressure and temperature, as well as magnetic/electric fields, guest molecules or light, act on a material. [74, 82] The structural changes (Figure 5a ) can provoke changes in the material's electrical, magnetic, dielectric, and optical properties.
The phase diagram of a well-studied group of MOFs (ZIF) was recently established, showing several uncommon features. By increasing either the pressure or the temperature, crystalline to amorphous phase transitions could be observed. [83, 84] However, while the pressure induced phase transition is displacive and therefore reversible, [84] the temperature induced phase transition is reconstructive and irreversible (Figure 5b) . [85] A further increase in temperature leads to a transition to liquid state. [86] Interestingly, the amorphous phases as well as the liquid phase maintain a significant level of porosity. [86] While some consequences on both the chemical and processing properties [87] have been observed, the implication of such behavior on the physical properties so far remains unclear. Another obvious example on temperature induced transition is 3D ZIF-4, which undergoes an amorphous transformation at 300 °C, and a further irreversible recrystallization to the 3D ZIF-zni state at 400 °C. This irreversible effect also changes its elastic constants. [88] In any case, in ambient conditions, phase transitions are also observed under external magnetic or electric fields, light or guests with spectacular implications for the physical properties of MOFs.
3D [Cu 2 (dicarboxylate) 2 (amine)]n MOFs exhibit irreversible structural deformation when guest molecules are incorporated into their structure and then excluded. [89] The penetration of gas through ZIF-8 membranes can also be switched using an external electric field. This effect is explained by the structural transition of ZIF-8 into polymorphs with a more rigid structure at 500 V mm −1 . [82] In addition, selective adsorption of CO was demonstrated for 3D MOFs with coordinated unsaturated iron (II) sites, based on the spin state transition of the iron (II) sites. [90] Magnetic phase transitions have been investigated on a theoretical level for 2D MOFs with a range of metallic centers (Cr, Mn, Fe, Co, Ni), [91] particularly, phase transition between homogeneous ferromagnetic and spin-forming antiferromagnetic states. It was found that compounds with Mn exhibit strong d-π hybridization, which leads to partially filled low-spin levels, in contrast to compounds with transition metals, for which the Fermi energy is weakly split by spin due to weak d-π hybridization and magnetic interaction. [91] A switch between n (electron) and p (hole) type band structures has also been observed for 2D MOFs (M 3 C 12 S 12 and M 3 C 12 O 12 , where M = Zn, Cd, Hg, Be, or Mg), due to tuneable deformation or electrostatic gating. [62] In the case of chained MOFs such as NU-901, one can observe electrochromic switching between yellow and deep blue hues by applied potential, due to a single-electron redox reaction on their pyrene-based linkers. [92] A desired property of materials for data storage is the ability to switch magnetic domains. In this case, the 3D MOF, (CH 3 ) 2 NH 2 Mn(HCOO) 3 , exhibits a perovskite architecture with ferroelectric domains, the magnetic states of which can be controlled by an electric field at temperatures below 180 K. [93] At present, structures with reversible/nonreversible phasechange effects are applied for triggers, switchers and other active elements for optical, magnetic, and microelectronic devices. [15] The positive aspects for implementing MOFs in these fields are the efficient dynamic response of these complex structure to external stimuli. However, the diversity of energetically favorable states in a MOF structure, due to its complex conformational energy landscape, [94] may complicate the reversible switching process.
Bistability
The fundamental ability of matter to have two equilibrium states in the same condition (bistability) underlies pivotal processes in life, from birth (cellular differentiation, apoptosis), [82] Copyright 2019, American Association for the Advancement of Science. b) Pressure-temperature phase diagram for ZIF-62: there are two amorphous phases (high-P/high-T) with high and low densities, a liquid phase, and crystalline field for the low pressure and low temperature condition. Reproduced with permission. [85] Copyright 2019, Springer Nature. c) Light induced switching the magnetic properties of MOF: after irradiation by 473 nm light, a magnetic hysteresis loop with a coercive field of 240 Oe appeared. Reproduced permission. [96] Copyright 2019, Springer Nature.
to transportation (mechanical ratchets) and communication (memory devices, triggers). The latter raises a great technological challenge, with respect to the exponential growth in information that requires recording and processing. To address this, existing materials demonstrating bistability would have to permanently increase their record density, processing rate, and rewrite cycles. MOFs can be used as a new kind of active material for data storage. The basic principle for this application is their change in structure under electric, magnetic, mechanic, radiation, and other stimuli, which requires an additional coercive force for reversion to the initial structure.
Since bistability manifests itself as hysteresis (Figure 5c ), it can be identified in MOFs as electrical, magnetic, mechanical, and electrochemical hysteresis. Cd(Imazethapyr) 2 , a 3D MOF, exhibits ferroelectric behavior and electrical hysteresis (with a remnent polarization, P r , of ≈0.006 µC cm −2 , and coercive field, E c , of 0.9-1.1 kV cm −1 ), which is a typical feature for ferroelectrics. [95] Magnetic hysteresis was observed in a 3D MOF based on Fe-Nb assembly (Fe 2 [Nb(CN) 8 ]·(4-pyridinealdoxime) 8 ·2H 2 O), which exhibited long-range magnetic ordering of extended Fe II (high-spin) sites caused by photonic capture of an excited spin state. This MOF behaves like a spin-crossover magnet, where strong mutual switching between photo-emitted Fe II and neighboring Nb IV atoms works through C-N bridges. Magnetic phase transitions between low spin and high spin states have also been observed at 20 K with coercive fields of 240 Oe. [96] The 3D niccolite MOF mentioned earlier, [(CH 3 6 ], also appeared to demonstrate magnetic hysteresis regulated by a thermal and magnetic state at low temperatures, [80] a phenomenon which is the response of the magnetization of Fe II and Fe III sublattices to external stimuli. This high bipolar reversible magnetization switching is different from the irreversible rotation of ferro/ferrimagnetic domains through the use of external magnetic fields. [80] Mechanical hysteresis has been reported for some examples of 3D MOFs (e.g., rigid layers of Co/1,3,5-benzenetricarboxylate which are connected to each other with flexible and spherical dipyridyl linkers). A special phase transition induces a new 2D structure without the loss of linkers, with the help of weak hydrogen bond acceptors. This phase transition can be reversed by heating the material in dimethylformamide. [97] Light can also stimulate the transition between two structural states in MOFs with special photochromic molecules as ligands or guests. [98] [99] [100] [101] [102] [103] The proton semiconductive hysteresis observed in the 3D MOF, Cu 2 (F 2 AzoBDC) 2 
, is an indicator of such structural changes. This effect is achieved based on the MOF's azobenzene side groups, which can undergo lightinduced reversible isomerization between two cis and trans stable states. The photoisomerisation leads to modulation of the interaction between the MOF and guest molecules, allowing switching between states with increased (trans) and decreased (cis) proton conductivity. [98] In general, this photoisomerisation process leads to conformation changes of the ligand, and modulates the electronic structure of MOFs and, therefore, their chemical, [98] [99] [100] [101] [102] optical, [103] and electrical [104] properties. Also intriguing is the fact that the symmetry group of MOFs can be changed upon photoisomerisation, [102] as this is especially important for optical data storage. However, problems still remain regarding the thermal relaxation for some compounds and the trans-cis transition rates in MOFs. Experimental results indicate that these materials demonstrate slow photoisomerisation (from minutes to hours), while other complicated molecules have demonstrated very fast photoisomerisation (up to picoseconds). [105] Finally, electrochemical hysteresis was observed in a Fe 2 (BDP) 3 3D MOF with K + ions as a guest, (K x Fe 2 (BDP) 3 , BDP 2− = 1,4-benzenedipyrazolate). Slow scan cyclic voltammetry highlighted reversible conversion between the low spin iron (II) state at x = 0, and low and high spin iron (III) states at x = 1.1. [106] Another 3D MOF, CoNDI-py-2 (NDI-py = N,N′-bis(4-pyridyl)-1,4,5,8-naphthalene diimide) in MeCN, also exhibited similar electrochemical hysteresis. The voltammograms showed signs of naphthalene diimide reduction pairs at E 1/2 = −0.79 and −1.25 V versus Ag/AgNO 3 , and bonding with the Co(II)/Co(I) pair at −0.79 V. [23] Metal-organic frameworks demonstrating bistability are important materials for future memory devices such as memristors and random access memory modules. [28, [107] [108] [109] However, there are still issues hindering their real-world application, as an increase to the switching rate to THz and higher is required, and minimization of the area of tuneable MOFs needs to be addressed.
Spin Qubits
A qubit is the smallest physical element for storing information in quantum computers. A spin qubit records information based on the orientation of spins in coherent superposition. Very recently, MOFs have become objects of research for the implementation of this concept. An array of clocklike qubits was created within the framework of an organometallic structure (Figure 6a) 6 ] 2 (TCPP = 5,10,15,20-tetrakis(carboxyphenyl)porphyrin) framework. The lifetime of the clocklike spin qubits was 14 µs, despite the local abundant nuclear rotation of the spins. [110] It was also shown that, as a node in the 2D MOF, [{CuTCPP} Zn 2 (H 2 O) 2 ], an isolated molecule, retains quantum coherence and is a potential spin qubit. Phase coherence in this material is independent of temperature up to 30 K. The qubit lifetime is 2.24 µs at 6 K, and decreases to 0.85 µs at 60 K, possibly due to thermal processes associated with relaxation of the spin lattice and softening of the frozen solution. [111] Generally, spin qubits can be used for quantum processing or as data storage elements of the future because they are subject to quantum physics laws and operate at the minimal scale single atoms.
MOFs in Particle Physics
Based on specific metal clusters, porous crystals can be considered to be one of the main elements for applications in particle physics, from positronium emission, to radiation detectors and radioactive probes. This field is in its infancy, with pioneer works only being published since 2006, and possesses great potential for further development. Here, we discuss state-ofthe-art MOFs for particle physics in the terms of their structure.
Long-Lived Positronium
Positronium (Ps), also known as the lightest atom in nature, is a bound state of an electron and a positron (β + ). Ps atoms have prompted substantial interest for both fundamental and applied physics. [112] Ps gas can be produced by the interaction of β + beams with gases or solids. The short lifetime of Ps atoms is one of the main problems hindering their use. In conventional solids they can be trapped by crystal defects and annihilated, producing two γ quanta with 511 keV of energy, each. In contrast, in the highly porous MOF medium, newly formed Ps atoms immediately move into crystal voids, drastically increasing their lifetime. [113] Studies have shown that Ps exists in a number of MOFs (ZnO 4 (FMA) 3 , MOF-5, ZIF-8, IRMOF-8, and IRMOF-20), in a delocalized Bloch state that protects them from being trapped by some crystal irregularities. [113] [114] [115] 
Radiation Detection
The undeniable danger of various types of ionizing radiation lies in the fact that their actions are not perceptible until the onset of adverse effects. Nevertheless, under strictly controlled conditions, radioactive drugs, γ rays, and proton and neutron beams can be used for medical diagnostics and treatment. Highly active radiation sources and fuels are also widely used in industry and nuclear power. Therefore, it is important to develop new materials for the detection and control of ionizing radiation.
The scintillation technique is one of many principles of radiation detection, and is based on the radioluminescence effect observed in some materials (alkali halides, silicates, plastics, and organic crystals). MOFs have occupied a niche as scintillating materials for over a decade. [116] In ref. [116] , Doty et al. exposed Zn 4 O(SDC) 3 (SDC is stilbene dicarboxylate) and Zn 3 (SDC) 3 (DMF) 2 (DMF is N,N-dimethylformamide) to both a 3 MeV proton beam and an alpha particle source, and demonstrated that the visible light output from these MOFs is comparable to those of commercially available scintillators. In addition, their radiation resistance is much higher than that of the anthracene crystal standard. Recently, Mathis et al. synthesized and characterized scintillation performance (using 2.5 MeV protons) of stilbene-and anthracene-based lanthanide MOFs (Eu 3+ , Tb 3+ , Er 3+ , Tm 3+ ). [117, 118] Lu et al. used Pb 2+ naphthalene-based MOFs for absorption and detection of X-rays. These studies support the assertion that MOFs are one of the key functional materials in physics. [119] 
Radioactive MOFs
A variety of MOFs can be produced based on actinides and other radioactive isotopes. [120] [121] [122] [123] Recently, Andreo et al. synthesized a Th-based MOF containing 2,6-naphthalendicarboxylic acid as a scintillating ligand, [124] with the resulting crystal demonstrating autoluminescence properties due to radioactive Th decay. To date, MOFs have been successfully used for medical applications and sensing, [11, 12, 125, 126] particularly in positron emission tomography (PET), which is based on simultaneous 180° detection of two 511 keV γ quanta appearing after β + annihilation. [127] Metabolites doped with β + -radioactive isotopes like 18 F, 11 C, 13 N, 15 O, act as molecular probes for the location of tumors, and the study of artery diseases and other pathologies. Chen et al. showed that the 89 Zr-UiO-66 MOF (Figure 6b ) functionalized with pyrene-derived polyethylene glycol and conjugated with a peptide ligand could be used for targeting breast tumors. [128] 
Artificial MOF Structures
Finally, metal-organic frameworks represent a clear example of hierarchical solids containing structural elements such as ion clusters and ligands, which themselves have structure. [129] Such structural hierarchy is a solution for observation of the unconventional structure-related physical properties of Adv. Sci. 2019, 6, 1900506 Figure 6 . a) Illustration of MOF structure with a central paramagnetic ion as a clock qubit. The structure was extracted from CIF file. [110] b) MOF structure with positron-emitting isotopes. The structure was extracted from the CIF file. [128] modern materials. [130, 131] In light of this, following from reticular synthesis and selfassembly, one can increase the level of hierarchy, yielding new MOF super-and meso-structures with structure-related optical effects. Moreover, considering the hierarchy of MOFs, one can compare them to other mechanisms demonstrating extraordinary behavior, such as artificial man-made mechanical metamaterials (MM) and origami. [130, 132] Here we discuss the perspectives of MOFs for fabricating new kinds of optical superstructures and mechanical metamaterials at the molecular level.
Optical Superstructures
Hierarchically complex structures exhibit special properties that are not observed with the base materials used to assemble these structures. This synergistic effect is often applied in architecture and photonics, where there are examples of many natural and artificial hierarchical structures, such as photonic crystals and metasurfaces, for controlling light at the nanoscale. The characteristic periods of such structures are commensurate to resonant optical wavelengths, enabling complex interference and, accordingly, control of light propagation. Over the past decade, MOFs have proven to be a potential building block for photonic structures with enhanced functionality.
The construction of super-and meso-structured MOFs occurs mainly by self-assembly, and they can be ideally located on a range of substrates in different ways, [133, 134] while controlling their size, shape, and functionalities. [27, 92] A clear example of this is assembly of polyhedral particles of TRD ZIF-8 crystals, synthesized with good monodispersity, uniformity, and colloidal stability. Such particles are then spontaneously assembled into millimeter-ordered structures, creating photonic crystals, allowing them to dynamically change the wavelength of reflected light under gas sorption (Figure 7a,b) . [135] The study of the use of spherical MOF colloidal crystals as matrices has also highlighted the possibilities for recognition of guest molecules with unique signaling. The unique integrated gap in such spheres provides a good way to manipulate the photophysical and photochemical behavior of the guest molecules inside the MOF superstructure, when it is used as a photonic structure. [136] Another example is with MOF-based diffraction gratings: [137] MIL-101(Cr), obtained by applying a dip-coating process on a range of substrates, opens up the production of low thickness superstructures with ordered cracks, depending on the evaporation front and the rate of substrate removal from the solvent.
Self-assembly strategies, the development of thin film technology, and a dynamic structural response enable MOF superstructures to be applied for optical sensors based on photonic crystals, [138] [139] [140] [141] electro-optical devices, [16] light switchers, [142] and adaptive reflectors. [135, 137] Moreover, as single 100-300 nm nanoparticles, [143] the structures are promising for nanometerscale light manipulation, due to the generation of specific Mie-type optical resonances (so-called all-dielectric nanophotonics). [144, 145] However, the current problem to be solved is maintaining the consistency of complex MOF structures under actual operating conditions, focusing on mechanical stress, humidity, and degradation in air.
Mechanical Metamaterials
In terms of molecular architecture, metal-organic frameworks are hierarchical structures based on building blocks with different topologies, linked together by different weak and strong bonds (Figure 3 ). This arrangement facilitates complicated mechanical behavior under external stimuli, and the literature is full of articles devoted to analysis of the unconventional mechanics of MOFs. An intriguing finding is that the hierarchical MOF structure itself is similar to a metamaterial (see Figure 8 illustrating results from refs. ), which is characterized by the different interactions (mechanical, electromagnetic) between the central element, a meta atom of a specific shape and size, with its neighbors. [170] Metamaterials also demonstrate unconventional mechanical behavior. Based Adv. Sci. 2019, 6, 1900506 Figure 7 . a,b) Self-assembed 2D MOF photonic structures as tunable optical sensors. [135] Scale bar, 1 µm. c,d) MOF photonic structures in the form of inverted opals. [134, 138] Scale bars, 1 µm. a,b) Reproduced with permission. [135] Copyright 2019, Springer Nature. c) Reproduced with permission. [138] Copyright 2019, American Association for the Advancement of Science. d) Reproduced with permission. [134] Copyright 2019, Springer Nature.
on this behavior, we compared these structures to MOFs, and found a direct similarity in their structure-related properties. [171] This similarity allows MOFs to be considered a molecular scale mechanical metamaterial. Figure 8 represents different MOF structures (e.g., wineracks, diamondoids, and honeycombs) which can twist under pressure, and exhibit negative Poisson's ratio, negative linear compressibility, and origami behavior, because the mobility of the frame is determined by their specific soft structure. For instance, quantum-mechanical calculations of the elastic constants for MIL-53(Al), MIL-53(Ga), MIL-47, DMOF-1, and DMOF-1 highlighted highly anisotropic behavior, with some directions demonstrating low shear and Young's modulus. This is explained by the fact that inorganic chains correspond Adv. Sci. 2019, 6, 1900506 Figure 8 . Comparison of the structures of MOFs and metamaterials (MM) having similar unconventional mechanical properties as negative Poisson's ratio, negative linear compressibility, twisting under the pressure, and origami behavior that means an ability to lay the structure in one direction and inability in another (navy arrows indicate the stimuli, red and blue ones correspond to structural response). The MOF structures were extracted from CIF files. [149, 152, 153, 157, [159] [160] [161] 164] Reproduced with permission. [150] Copyright 2017, Springer Nature. Reproduced with permission. [154] Copyright 2015, Springer Nature. Reproduced with permission. [169] Copyright 2016, Springer Nature. Reproduced with permission. [163] Copyright 2011, American Association for the Advancement of Science. Reproduced with permission. [166] Copyright 2016, American Association for the Advancement of Science. Reproduced with permission. [168] Copyright 2017, American Association for the Advancement of Science. Reproduced with permission. [158] Copyright 2012, American Institute of Physics.
to more rigid directions, whereas soft directions belong to the deformation vibration modes. [159] This effect can be considered to be origami behavior. [170, 172] Another example is MOF, [Zn(L) 2 (OH) 2 ]n·Guest (where L is 4-(1H-naphtho [2,3-d] imidazol-1-yl)benzoate, and guest is water or methanol), which exhibits a negative compressibility area that can be customized by replacing/exchanging guest molecules. [173] When heated, such materials are compressed in one direction with negative linear strain. In the 3D MOF, [Ag(ethylenediamine)]NO 3 , this direction coincides with the strongest direction of positive thermal expansion, due to the relationship of temperature with pressure, and the conjugation of compressibility with expansiveness. [174] Network-based metamaterials also demonstrate such negative compressibility. [175] Studies of the thermomechanical and viscoelastic properties of the HKUST-1 MOF revealed a decrease in Young's modulus during compression, as well as a decrease in hardness with temperature increasing from 25 to 100 °C. This means that thermally induced softening is more important than thermally induced increases in density. [176] Studies of the mechanical properties and energy absorption in single crystals of four isostructural samples belonging to the UiO type of MOF highlighted plasticity and endothermicity during deformation. These characteristics are associated with their unique property of absorption and scattering of mechanical shock waves from the outside. At stresses higher than 2 GPa, energy absorption reaches 3-4 kJ per gram (for reference, about 4 kJ of energy per gram is released on the explosion of TNT, trinitrotoluol equivalent). [177] Studies of the elastic constants of different types of MOFs (e.g., ZIFs, Cu 1.5 (H 2 O)(O 3 PCH 2 CO 2 ), Ce(C 2 O 4 )(HCO 2 ), Zn 3 (PO 4 )(O 2 CCH 2 PO 3 )(H 2 O), MOF-5, IRMOFs, LiB(Im)4) also revealed changes to the bulk modulus, the Young's modulus, and the Poisson ratio. [38] Such MOFs can be used as mechanical elements in thermoelectronic and nanospring devices, flexible electronics, and for damping and dissipating external voltage. Moreover, as opposed to conventional materials, the presence of structural defects improves the mechanical response of MOFs to a certain extent, [178] such that the "intrinsic defects" term requires reconsideration when applied to MOFs. [179] 
Conclusion
Until recently, the development of MOF technology has been motivated by their unprecedented sorption, filtration, and capacitance properties, which suggested that they could break new ground in the chemical industry. [1, 7] The main challenge this development faced was increasing the volume and functionality of nanometer-scale pores. Now, MOFs are entering new fields of science, in optics, communications, particle physics, and mechanics, as researchers look beyond their porosity. By focusing attention on the combination of crystallinity, softness, organic-inorganic nature, and complex hierarchy, inherent to MOFs, one can observe intriguing physical properties suitable for energy transfer, data storage, radiation detection, and particle emission to nonlinear mechanics (Figure 2) . Moreover, from the physical point of view, 2D MOFs are also promising for their metallic conductivity, superconductivity, topological insulators, and other unconventional electronic effects (Figure 9) .
Looking into the future, we believe that further research in physics of metal-organic frameworks will focus on classical and quantum data storage with higher rates and record densities, [107] [108] [109] [110] lasing within the visible [53] and THz ranges, spintronics, [63] excitonics, [46, 52] valeytronics, and absorbing light, microwaves, and shock waves. [177, 180] With these prospects at hand, the new world of industry may be opened for the porous crystals. 
